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THE CALCULATING OF OPTIMAL PRESSURE RATIOS AND 
CYLINDER BORE RATIOS OF MULTISTAGE COMPRESSORS 
Qian Xinghua, Assistant Engineer, Xian Compressor Works, Xian, Shaanxi, 
The People's Republic of China 
ABSTRACT 
This article gives a calculating method of 
the optimal pressure ratios of multistage 
compressors. To optimize and compare the 
compressors easily, this article gives the 
conception about optimal match of cylinder 
bores and also the formula calculating the 
optimal cylinder bore ratios. 
INTRODUCTION 
It has been 150 years since the first 
two-stage reciprocating compessor was 
developed in England. Though the theories 
about compressors has been approached by 
many scientists, they have not obtained 
satisfactory results. The theory about 
optimal pressure ratios of multistage com-
pessors is one of them. The present 
theories about that deal with only ideal 
gas without extracting and condensate, in 
addition with some assumptions of per-
fectly back-cooling [l], [2], smaller loss 
of resistance of incoming and discharge 
[1], omitting the effect of temperature 
heating the incoming gas [l], which 
results in the difference from the actual 
operating, especially for real gas as a 
medium with extracting and condensate of 
the system in chemical technique compres-
sors. So to design a compressor according 
to this theory, it won't be working in the 
optimal state. With the tension of energy 
source in the world it's very important to 
save energy. So to increase the economy 
of compressors, especially larger compres-
sors and chemical technique compressors on 
the basis of reliability have caused cau-
tion by scientists in all countries. In 
this case it is necessary to find a method 
of determining optimal pressure ratios in 
accordance with actual conditions in 
compressors. 
This article gives a method to determine 
the optimal pressure ratios, which can be 
used in ideal gas, also actual gases and 
deals with extracting, condensate, back-
cooling degree and approaches the actual 
conditions. 
In order to optimize the design of 
compressors and compare with each other, 
the writer raises the concept of optimal 
match between multistage compressor's 
cylinder bores and derives a set of formu-
lae for determining the optimal ratios of 
the cylinder bores. 
The preceding results were used in the 
compressors L2-l0/8-I and L3.5-20/7 
resulting in satisfactory effects.* 
DERIVING THE FORMULA FOR DETERMINING THE 
OPTIMAL PRESSURE RATIOS 
The current method for determining the 
optimal pressure ratios deviate from the 
actual operating conditions of compressors 
because of basing on the ideal gas. So it 
was followed by the two faults: 
i. Not dealing with the compressible, 
condensate, extracting of the gas. 
ii. Many factors affecting each other and 
without an analytical relationship 
influence the capacity parameter 
which was included in the function of 
* The air compressor of L -10/8-I had the honour of getting the praises from Scientific 
Conference of China in f978, and National First Machine Industry Department in 1980. 
The air compressor of L3.5-20/7 had the honour of getting the third level of praise 
from National First Machine Industry Department in 1980. 
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indicated power. So it cannot be 
analysed mathematically. In that 
case, some assumptions were put out 
to protect from the factors to sim-
plify the deriving. 
The two faults caused the formulas of 
optimal pressure ratios to be inexact. 
In order to prevent the faults, the writer raises the concept of indicated power 




It is more rigid to appreciate the power consumption in compressors using the indi-cated power ratio than indicated power, because of the shortage of the gas amount for the latter. But there is not the fac-tor of gas amount within indicated power ratio, so the factors which interfere with the gas amount are removed. In this case, there is no need to make such assumptions: perfectly back-cooling, smaller resistance of incoming and discharge, temperature heating the incoming air little. The deriving of the optimal pressure ratio 
formulae will be based on the function of indicated power for actual gas. 
First, the formulae required are intro-duced from material [3] [1], the formulae from [3) <2-65>, <2-53>: 
1 m·t 
Li = ls.: ~i ;t, ;:_, [ (- ~~)-;;;-- 1] 
• gs..: + 5-ti 
..l. -gsi. 
the formulae from [2]<II - 28>: 
r:.: =(I+ f-) &.: 




&s, od can be got from the curve [1]. See F1g. r. If the resistances in valves and pipe system are smaller, they can be found by the dotted line; if greater, by the 
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full line. In the case that the piston 
mean velocity em ~ 3.5 m/s, it will be 
corrected by (Cm/3.5)2. When the density of the gas is far differenct from air, it will be corrected by (y'/y)2/3, y is the air density. 
Substituting (2) (3) into (1) and dealing with (4), the indicated power ratios of i-stage compressors can be obtained. 
t ' .. ' ' ' , . ' . . ' . ' ' 
+JlJ,fi.,~ p, ~·· v~, Jr 7'J~'U+5.J ~- i ~ ],.c.. +J,,,· 
)t Lps~ ~ .2js~ 
cs·J 
Because of the discharge pressure of the i - 1 stage equal to the suction pressure of 
the i-stage, i.e., P · = Pd--l, therefore the indicated power ~~tio c~n be treated as a function of dischage pressure of 
every stage: 






The preceding pressure ratio should obey 
the relationship: 
t, · L. · - - · · · t:..: ,;_ t cfJ 
The optimal pressure ratios can be 
obtained by solving (9) and the formulae 
above. For a two-stage compressor, solv-
ing (6) and (9), the optimal pressure 
ratio of stage 1 and 2 can be obtained: 
For a three-stage compressor, solving (6), 
(7) and (9), the optimal pressure ratios 
of stage 1, 2 and 3 can be obtained: 




For an i-stage compressor, the optimal 
pressure ratios are: 
1 m 
E i = [ f:. [/..- ~~) (1.+ S .... ):' ' t '"" 5:.,) J z. l ~~ 7j, ··," "G· . .;-1__ )'llm-1) 
( H· $.;_) <-1 j I, .<·I ) 
-'~ 
, [ Os,+ t,~,)·(~5. -r "5.-h)·· ·(;{,~, -rf1 .·~) 
l (3,,·-t- j,~i.)~·-· 
Generally, 
(I.L) 
\ldl "' l, \lol "' l, i;;sl "' 1, i;;dl "' 1 • 
For ideal gas without extracting, conden-
sate 
~d "' 1 ' f;s 
in every stage. 
1, ).l d 
It is easy to use the formulae for calcu-
lating optimal pressure ratios. When 
designing, substituting the known parame-
ters m,i,e,li.,T. ~ .,; . \.1. \.1. into the 
above formul!e ~n~ §pti~!i ~r~s~~re ratios 
would be obtained. 
We come to the conclusions from the above: 
i. The optimal pressure ratios of a 
compressor have something to do with 
o ,T ,t ,~;;d,l-ln,\.1 of not only this 
s~ag~, But also 8ther stages (feed-
back function). 
ii. It depends on the process index m 
and the kind of mediums for every 
suction temperature to affect the 
optimal pressure ratio. The smaller 
the m, the greater the function of 
the temperature. The greater the m, 
the smaller the function. Therefore 
if the compressible medium is made of 
multiatomic gas or is a gas with 
smaller K value, more attention must 
be paid to the influence of tempera-
ture on optimal pressure ratio. 
iii. When perfectly back-cooling, the 
optimal pressure ratios do not dis-
tribute uniformly, because the resis-
tance loss of the low pressure stage 
is larger than the high, i.e., 
o1>1i 2>···>o 1 , so the pressure ratio 
of a following stage is larger than 
that of the preceding stage, i.e., 
"1<"2c·~<"i· 
DERIVING THE FORMULAE OF THE OPTIMAL 
CYLINDER BORE RATIOS 
First of all, the concept about cylinder 
bore ratio, which is the ratio between the 
equivalent diameters of the cylinders, is 
recommended. The equivalent bore 
represents a diameter of the circle, the 
area of which is equal to that of the 
cylinder's cross-section. To adopt the 
equivalent bore is for removing the influ-
ence of the piston rod, differential pis-
ton and single or double acting. Only 
when the diameter of the piston rod is 
much less (<<) than the cylinder diameter 
I may regard the equivalent diameter to be 
equal to the cylinder bore. It is neces-
sary to introduce this conception, because 
it can show the relationship (how many 
times) among the parameters of these stage 
in the same single compressor. The dis-
tribution of cylinder bores of a compres-
sor is regular, so the parameters, such as 
piston area, piston displacement, pressure 
ratio, reciprocating inertia force, piston 
force, moment, power and so forth distri-
bute regularly. Therefore it should be 
treated as a parameter of the compressor. 
Since the pressure ratio has its optimal 
value, the cylinder bore should have its 
own optimal value too, and they are uni-
form. The pressure ratio of the compres-
sor which is built in accordance with the 
optimal cylinder bore ratio must be in 
optimum. Instancing some two-stage 
compressors to illustrate that it is true 
to exist the optimal cylinder bore ratio 
which has its regularity. See Table 1 
which lists some two-stage reciprocating 
compressors which have capacities of 10-
100 M3/min and excellent economic index. 
They are of various types such as fixed, 
crosshead, double-acting two-stage 
reciprocating compressors. 
From this table we can see that the 
cylinder bore ratios between their stage 1 
and 2 are all about 1.6 - 1.64. The 
development of the compressors of 10 M3, 
20M 3 , 40M 3 of our country have also 
demonstrated this point. The old model of 
the 10M3 compressor, the cylinder bore 
ratio between stage 1 and stage 2 of which 
was 300mm/180mm = 1.67, was 3L-10/8, after 
having been modified, today its model is 
I2-l0/8-I and the bore ratio is 
275mm/170mm = 1.62. The old model of the 
20M3 compressor, the cylinder bore ratio 
of which was 420/250mm = 1.68 was 4L-20/8, 
its performance was much better. When it 
had been modified as L3.5-20/8, the 
cylinder bore ratio of which was 
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380mm/220mm = 1.78, its performance fell 
down extremely. Finally, it was developed 
as L3.5-20/7, the cylinder bore ratio of 
which is 380mm/235mm = 1.62. For the old 
40 M3 compressor SL-40/8, its cylinder 
ratio was 580mm/340mm = 1.71. But that of 
the new one, L5.5-40/8, is 560mm/340mm = 
1.65. Their ratios are all about 1.6 -
1.64. So this is another evidence of 
existing the optimal cylinder bore ratios. 
Let us derive the :ormulae calculating 
optimum of cylinder bore ratio. 
Let the cylinder bore ratio 
(d) 
The ratio of piston displacements is equal 
to the square of equivalent cylinder bore 
ratio. From (3) and based on Psi=Pdi-l: 
Reforming the formula (5) by (14) and (9): 
' ,. ~ .t • • 
US) 
Taking partial differentials to 
S1 ,a2 ,···ai-J and letting them be zero tnen using tne method like the optimal 
pressure ratio, the optimal cylinder bore 
ratios can be obtained. 
For a two-stage compressor: 
.f, "L. u ':f'7( ~~. ~'· ~~ ··~~~.~ J('!'J .. J1.,2 ·75"-),:']"} I I • -"I I,S.Z :>5:. .MJ:L ,.... .... , .JI..J,_jl., lst 
(16) 
For an i-stage compressor: 
r. Ts Th · · · · · · T.- • -~ 
'"'L ' 5-t.)n'-• 
Is~·-, 
( IJ) 
When the compressible medium is ideal gas 
without extracing, condensate 
;s=l, ;d"'l, lld"'l, llo=l 
in the above formulae. For a two-stage 
compressor, using the formula (16) we can 
get 6:1.6-1.64. 
CONCLUSIONS 
There are clear analytical relationships 
in these formulae given by this article. 
The method determining optimal pressure 
ratios are more exact than that of the 
present one. 
The cylinder bore ratio given by this 
article has practical value. It can join 
the parameters of every stage. 
This method of calculating the optimal 
cylinder bore ratios given by this article 
is easy to optimise and compare compres-
sors. 
NOMENCLATURE 
N indicated power ratio 
L indicated power 
vm capacity 
vt piston displacement 
Ps suction pressure 
pd discharge pressure 
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p' 
s real suction pressure 
p' 
d real discharge pressure 
relative pressure loss for suction 
~d relative pressure loss for discharge 
relative pressure loss for incoming 
and outgoing 
A discharge coefficient 
extract coefficient 
110 condensate coefficient 
compressible coefficient of gas in 
suction state 
compressible coefficient of gas in 
discharge state 
suction temperature 
piston mean velocity 
overall pressure ratio 
E. 
1 
pressure ratio of the i-stage 
m process index 
D equivalent diameter of cylinder 
ll equivalent bore (diameter) ratio of 
a cylinder 
K Cp/Cv, gas at atmospheric conditions 
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Fig. 1 The Relative Pressure Loss Curve 
TABLE 1 
I I I Bore of Cylinder I Diametral I Country! Company I Model I 
Cylinder I I I I lstl 2nd I Ratio of I U.S.A. I INGERSOLL-I LLE-1001 342.91 209.9 I l. 64 I RAND CO. I XLE L8tl 469.91 292.1 I 1.61 I I ZPAlOOE: ~ West I DE MAG I 285 I 175 I l. 63 Germany! I ZP l70NI 400 I 250 I l. 60 I ATLAS I AR 4H I 410 I 250 I l. 64 I COPCO I DT 4 I 375 I 235 I 1.60 Sweden I I ER 6 I 460 I 280 I l. 64 I AB I ER 8 I 640 I 390 I 1.64 I I I I I I I NGMlO I 340 I 210 I l. 62 I I NGM15 I 400 I 250 I l. 60 France I FCB I NGM24 I 400 I 250 I l. 60 I I NGM30 I 450 I 280 I l. 61 
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